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ABSTRACT 


Museo wotrschree AT-Mg alloys, containing 7$ Mg, 
15$ Mg, and 19$ Mg, were obtained from Kaiser Aluminum and 
Chemical Corporation Center for Technology. Billets were 
machined from these castings and upset forged at .9$ of 
ERES INC ESoOUwusorseutectic temperature, as appropriate, 
tO a true strain of 1.5. These alloys were then evaluated 
mprehte Stress -straln testing at various temperatures 
A ates to determine both the ambient and elevated 
temperature characteristics, Due to the inability to produce 
Peewee ine SeGONGe pidse particles by upset forging, the 15% 
and 19% Mg alloys were high in strength but brittle at room 
uu MErITnement of the second phase parti- 
En M w9wrc9esnpressron testing led to superplastic behavior 
Beeren rare, With a Strain rate sensitivity 
A AO Femme achieved in the 19% Mg alloy. It 
ED erurthersopserved that the addition of Mg increased strain 
IE cus cUeseW-Ms alloys at all temperatures, 


Pe teva ted temperatures. 
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I. INTRODUCTION 


Mespurpose Of this research project was to continue 
the investigation toward development of thermo-mechanical 
processing treatments for aluminum magnesium alloys with 
high weight percentage magnesium. Following Bly, Sherby, 
Un? Ss success With hypereutectoid carbon steel [1], 
it was felt that a hypoeutectic Al-Mg alloy could be 
developed that would displav a combination of ambient 
temperature strength and ductility equaling or exceeding 
that of conventional aluminum alloys, plus superplasticity 
EU e temperatures. If this combination of properties 
coma be realized, the material would have a higher strength- 
an mehr rarıo, due to the large additions of Mg, than 
present aluminum alloys being used for ship and aircraft 
Rupe Im addition, such an alloy would be highly 
formable at elevated temperatures due to superplasticity. 
Peper base@ei1ty can lead to complex parts being formed in 
one operation [2] [3] [4]. 

In order to achieve any of the desired properties in 
such aluminum-magnesium allovs, a fine, homogeneous grain 
size and dispersion of the second phase must be developed by 
thermo-mechanical processing. The fine particles iead to 
high strength at ambient temperature by blocking dislocation 
movement [5] [6]. Fine particles also lead to greater 


ductility at room temperature through enhanced strain 





HSA A MEE tile matrix containing fine, hard particles 
en eao display brittleness since small particles 
will not crack as easily as large particles. Thus, crack 
DI will be inhibited, and ductility 
will be enhanced [7]. 

Fine microstructure is important to produce ambient 
comperature properties; and, in addition, such fine micro- 
Sen s also important with respect to superplastic 
ues at elevated temperatures.  Superplasticity refers 
to extensive ductilitv, generally observed at elevated 
Pomeperauures. FOr instance, under superplastic conditions, 
elongation to fracture may reach values as large as 2000% 
[2] in contrast to values of 50 to 100% which are more 
meted! OL conventional materials tested at the same tempera- 
ture and strain rate. 

Pusordincmro Buck. Pense and Gordon [8], to exhibit 
superplasticity an alloy normally requires a fine grained 
Mino ele ne Usually consisting of two plastic phases, 
aan site under 5 um; a stable structure at the 
Seo rplascrezrdersrmation temperature, i.e., little or no 
grain growth; deformation at a temperature usually in the 
range 0.50 to 0.65 Tm (where Tm is the absolute melting 
temperature); and a controlled slow strain rate and high 
value of strain-rate sensitivity. 

The basic mechanism for superplastic deformation according 
to Ashby and Verrall [9] is grain boundary sliding with 


diffusional accommodation. This mechanism is characterized 


10 





by non-uniform flow and exhibits the following general 
characteristics: (1) Grains do not exhibit the same shape 

change as the specimen; (2) grains switch nearest neighbors; 

EX tnsustate past each other by sliding at their 
boundaries; (4) by changing neighbors, the grains can remain 
Mneneanged in shape while the specimen exhibits a large 

change in shape. Fine grain and particle size enhances 

this boundary sliding with diffusional accommodation process [9], 
thus enhancing superplastic deformation of the material. 

In Al-Mg alloys, the beta phase, which is an inter- 
metallic phase of composition Al-Mg,, softens extensively 
upon heating [10]. Once a fine grain size in the aluminum 
matrix, and also a fine beta particle size, is realized, 
the interphase boundaries will migrate slowly, and thus a 
fine, stable grain size is maintained [35]. Thus, this 
system meets the requirements for superplasticity in that 
the mechanism as discussed by Ashby and Verrall becomes 
feasible. 

In earlier research Ness [11] found that by hot rolling 
an as-cast 18% Mg alloy at temperatures ranging from 425*C 
down to approximately 500°C, a fine homogeneous microstructure 
was developed leading to compressive strengths in excess 
Ore JouKol at room temperature. Ness also observed the onset 
ERE Un qu T at clevyated temperature, with a strain 
rate sensitivity coefficient (m) between .3 and .4 being 


achieved. Ness found the hot rolling process to be both 


li 





slow and difficult with surface cracks Simic Che E 
at very low values of true strain. 

In order to try and diminish the problems associated 
with Ness' thermo-mechanical process, it was decided to 
employ upset forging of the as-cast material prior to hot 
rolling. Upset forging is a less severe deformation 
process than rolling and thus would not be as apt to initiate 
cracking as would rolling. The initial upsetting would 
begin to break up the relatively coarse beta particles so 
paco line could then be accomplished without the problem 
O Cracking. 

The forging process as implemented in this research was 
ess tu breaking up the as-cast structure but did not 
Nec ie desired Ferinemént in the beta particles. None- 
Emeless it was decided to investigate the deformation char- 
Sres tot these alloys in the forged condition as a 
Line one temperature and strain rate and to consider as 
mel the effect of magnesium content on deformation 
enaracteristics, 

Concurrent with this research an investigation was 
conducted by Bingay [12] regarding the optimum thermo- 
Meana roces s necessary to break up the as-cast 


gel nia more thoroughly than accomplished here. 





EN EREMENTAL PROCEDURES 


2 4RELOY ACQUISITION 

Three aluminum-magnesium alloys were chosen to conduct 
this investigation, representing a range of magnesium 
content. The three compositions selected were 11%, 15% 
19% magnesium. The rationale for these alloys was that 15% 
Mg is the maximum solid solubility of magnesium in aluminum; 
it was decided to investigate the 15% alloy and, as well, 
compositions on either side. Several attempts were made to 
Cast the alloys in the Naval Postgraduate School labora- 
tories; however, due to lack of equipment and experience, 
Paotimegs were both small and porous, making further processing 
difficult. Kaiser Aluminum and Chemical Corporation was 
@eeende@eds tO Gast the 3 alloys as 2 1/4" X 4 1/2" X 12" 
ingots (See Figure 1.). Subsequent testing by atomic absorp- 
tion suggested that the 11% alloy was actually 7% Mg by 
ao over the atomic absorption technique is 
relatively inaccurate for a magnesium content this high, 
and thus there is some uncertainty regarding the Mg content 


nis ay. 


B. ORIGINAL PLAN 

The original plan of investigation vas to fabricate 
nu A (See Figure 2a.) from the as-cast 
material. These billets would be upset forged (See Figure 2b.) 


os temperatures and strain rates to determine the 





Damen process. Subsequent hot rolling and extensive 
e - TT H Ce rostructural analyses were to follow. 
The objective was to determine the optimum thermo-mechanical 
process for producing the desired properties of increased 
strength to weight ratio and increased ductility at ambient 
temperature. 

Le ene procedure was accomplished on all alloys 
with no difficulty; however, hot rolling and subsequent 
Mem=arlestesting could be accomplished only on the 7% Mg 
mo. Surface cracks during hot rolling on the 15% and 
19% alloys prevented further processing and thus called 
Meet evised plan of investigation. The inability to hot 
e amanda lJ, Me alloys was later determined to be 
No "eOarse beta particles still present after 


Mesecttimea (See Figures 5 and 4.). 


©. REVISED PLAN 

Mecca tot investigation was to eliminate the 
hot rolling and tensile testing. The three alloys would be 
Use fOrged, compression tested, and characterized. A 
separate investigation by Bingay [12] was then to be con- 
ducted to determine the processing conditions required to 
develop the desired microstructure for rolling and tensile 


evaluation of these materials. 
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D. UPSETTING 
I NEW Spment Description 

I LugScestonsing was conducted on a Baldwin-Tate- 
p ceoting Machine with a 60,000 pound force capacity and 
Du N- cross head speeds. The heated platen arrangement 
shown in Figure 5 was used to control temperature during 
Eun AUHoskins electric furnace model FD202C was used 
emetic as ali specimens prior to upsetting. 

2 Procedures 

Edu determine the best conditions for 
üpsetting the three alloys, specimens were upset at different 
temperatures and crosshead speeds. These specimens were 
studied using the scanning electron microscope to determine 
Nana ion Drowided the finest microstructure, Ä 
ross head speed of 1.66 X 1o 8? mos se OT NS ec jac 
is os Csoj the 113 Mg alloy and 410°C for the 15% 
I oys seemed to provide the finest microstructure. 

Milled billets were prepared from the as-cast ingots 
ec chanical Engineering Machine Shop (See Figure 2a.). 
The billets were preheated to upsetting temperature for 
three minutes to reduce temperature gradients during upsetting. 
Following preheating the billets were upset using the afore- 
mentioned temperatures and crosshead speed to a true strain 
of 1.5. The billet was quenched in a fresh water quench 
ie rain and particle growth. The finished upset 


Eeee e shown in Figure 2b. 





pm GOMPRESSION TESTING 
CERE ent Description 

Die pressioni testing was conducted on an Instron 
Model TT-D floor model testing machine shown in Figure 6. 
This machine is capable of applying and recording loads up 
Berl OOO poundas with crosshead speeds from 3.5 X s inches 
per second to 3.3 X 10°" inches per second. 

The compression test assembly was designed to be 
compatible with the Instron testing machine. The assembly 
consists of a 1.0 inch diameter Haynes 188 punch and a 
nen outside alameter Inconel cylinder with a 1.010 
Mien DOTre. ihe punch fits inside the test cylinder and 
Slides on two machined lands inside the cylinder. Tungsten 
carbide platens are fitted in the punch and cylinder heads. 

To conduct the compression tests at various tem- 
Dematures, a 'Warsnall split furnace, shown in Figure 7, 
capable of temperatures to 1200°C was utilized. Control 
ot the furnace was provided by a Model #49 Omega proportioning 
A Temperature variance was limited to +5°C 
course Of a Compression test. 

2. Procedures 

Following the upsetting process the upset billets 
were milled to parallelepiped shaped test specimens .30 inch 
in length and .20 inch on a side as shown in Figure 2c. A 
total of 28 specimens of each alloy was tested in accordance 


With the schedules in Tables I and II. It should be noted 
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e nor tests for compression testing of the 
MN 5rrarn rate changes from starting to 
me Nrates were accomplished at .15 true strain. 


STARTING STRAIN FINISHING STRAIN 
RUN TEMP, ?C RATE, SEC" L RATE, SEC” 
1 25 So IM UNE 
2 SNO M ^ an 
B er OS 
4 INE S" Dee NE 
5 5 TG di oe 
6 DOC * ES MENS 
7 us Ol e 
8 i coon ls S 
9 KE E co T Kenn 
10 XU ^ 525 “emo 
11 i on 
12 MO e 
13 2 NES io | Pe 
14 lo” TOS EUN 
15 EX 10^ i 
16 ms 10 * Duc m 
15 282 m T m Ñ ecc S 
18 NODE D^ Dos NINE 
19 Nm c" AN 6 To 
20 o 2 1-3 X 43935 
2 515 1.5 ^ mE 
ae | EE ^ 2.23 X 10? 
2 ao” 6.45 X 10°” 
21 e Ius DORUM 
25 347 EB. 10 ^ NS ES 
26 mes 10. SEES NUS 
27 NC X 30 * oa TT ON 
28 N- Um? ta ae 
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Table II - Schedule of tests for compression testing of the 
15% Mg and 19% Mg alloys, strain rate changes from starting 
ce me rates were accomplished at .15 true strain. 


RUN TEMP STARTING STRATN FINISHING STRAIN 
15% Mg 19% Mg Te RATE, SEC”? RATE, SEC” 
29 57 25 NEC 0 eg ee 
30 58 a Re 
Ba. 59 or OU S 
32 60 » NEN ^ SUE 
33 61 88 a c os 
34 62 Wo AS 
35 63 is o” 6.45 X 10^? 
36 64 NE) > din 
37 65 197 1.5 X 10^* I SEES 
38 56 Ec * SC 
39 67 UNUS OU * ORE NICE 
10 68 NR 010 IUS 
41 69 269 io an 
42 0 O Ppa. 
45 71 qu sop ORE SEDES 
14 Je ome ^ m Oe 
15 73 342 NE O9 ^ MEE NEN 
16 74 ED x 310^ DUE GIUM 
47 "E ONUS CUT ^ E 
48 76 IO. > 1.3 X 10°° 
19 77 378 m to No 
50 78 ERI. Sas le 
57 79 ee es oe 
52 80 ve I 1.3 x 10°° 
55 Se 414 I x X cg ce 
su 82 O Tn o 
55 83 RË > oS O E 
56 34 mE no Beer 
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E PËS used for two different strain rates. 
The test apparatus was brought to desired temperature and 
tte wed to stabi1lize betore testing began. Each specimen 
MAS prenheated in the compression chamber for 3 minutes prior 
EN ne In Onder to reduce the effects of triaxial stresses 
EN friction against the platens, Moly Dry Film Lubricant, 
a commercial product, was applied to the ends of each 
m cimen. 

A machine curve was generated to determine the 
ns ]ic Load=-detlection characteristics of the Instron 
me onlne results of this test indicated a spring 
ene amt Ot 299558 pounds per inch for the machine and 


eon eS STON test apparatus. 


Dr Ewin ON EXPERIMENTS 

aa heanealyses were completed on the preceding 
investigation, two more experiments were conducted. The 
HT the effect of adding .3% Fe to the 195 
uou. second was to retest, at room temperature, 
specimens previously tested at elevated temperatures. 

Dimimommeene microstructural analysis of both the 15% Mg 
and 19% Mg alloys, the observation was made that the both 
as-cast and upset specimens had coarse beta particles 
E305 e and 9.) in contrast with Ness' findings [11]. 
A careful study of Ness' data indicated a small amount of Fe 
was present as well as small amounts of other elements. menes 
Ac e decision was made to investigate the effect of Fe 


Me tas=cast meterial and the upsetting process. 
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A master 5% Fe alloy was cast using 99.99% pure Al and 
Zu mesh iron filings. Several billets of the as-cast 19% Mg 
alloy were then remelted and a small portion of the master 
ao added to produce an 18% Mg alloy with .3% Fe. All 
casting was performed using furnaces in the Naval Post- 
Slate School Material Science Laboratory. 

Following casting the billet was trimmed to 2 3/16" X 
Mamet and upset forged at 300°C and a crosshead speed of 
5 X 197? inches per second. These were considered to be 
mr Eestoparameters after studying the photomicrographs in 
res 10 through 12. Both as-cast and upset specimens 
were then microscopically observed. 

cereal analysis it was observed that compression 
gwestınesat elevated temperatures of previously forged material 
cine peta particles in the matrix between the coarse 
RM I's retinement is the major factor leading to 
increased strength at ambient temperature [5] [8]. Therefore, 
e (See Figures 10, 11 and 12.) were 
retested at ambient temperature. The relative strength of 
the three specimens at a constant strain was compared to 
evaluate the effect of this: additional, relatively fine 


beta. 
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MEME EIS 


Bee er cmeeemoted at the outset that there is uncertainty 
regarding the nominal 11% Mg alloy. During upsetting and 
compression testing it was believed to be 11% Mg. Tempera- 
ees were chosen for all processing that would keep the 
Meacerial in the two phase region (as an 11% Mg alloy). 

However some of the temperatures used were above the solvus 
memeetOr Me. Therefore, some of the data for this 
Me. allow is perhaps in reference to a solid solution, 


Single phase alloy. 


EN AMBIENT PEMIPERATURE MECHANICAL PROPERTIES 

The results obtained from ambient temperature tensile 
testing ot the 74 Mg alloy are presented in Table III. As 
the combination of upsetting speed and percentage reduction 
per pass imereased, strength increased and ductility decreased. 
NS was Expected with this relatively low percentage Mg 
alloy, rolling was readily accomplished in run 13 with no 
prior upsetting. 

The results obtained from ambient temperature compression 
testing Oof these alloys are presented in Figures 135 and lë, 
Also, Table IV presents ambient temperature compressive 
stress-strain results for samples retested after elevated 
temperature compressive deformation. Both the 15% Mg and 
EN Alloys fractured at low strains. Though the fracture 


Ness for both Materials was about the same, the flow stress 





Table III - Results of tensile testing of the 7% Mg alloy 


after upsetting and rolling. 


Upsetting temperature and 


rolling temperature was 330°C, true strain of upsetting 


eo Gen reduction of rolling was 97%. 


PUN UPSET CROSSHEAD 


PEED IN/SEC 


1 or 
7 

5 I: 
4 1 
5 la 
6 1 
7 Ib. 
3 je 
9 3 
10 > 
11 3 
12 5 
LS NO 


b. 


5 


6 


OQ 
~A A A A A KH HAH A orf 
pa 
D 
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or 

Me, 

6 luu" 

= 

6 10 ^ 

ES 

10 ^ 

=? 

box 205 

E I) 

=, 

BEY L0 > 
Deeectting 


IS 
iD 
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Various 
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5 
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ROLLING REDUCTION UTS 
PERS PASS 


PSI 

52,300 
56,230 
54,956 


A SS 


Lë 
YTELĽD 


37,100 
44,230 
47,772 
50,125 
59,417 
59,417 
61,209 
SH 
S7 a 
56,833 
SET 
58,212 


so) 


0 
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ple — Results of ambient temperature compression tests 
on specimens previously tested at elevated temperature. 
Eu: :oswobserved at a true strain of .04. 


NX scalloy, and strain rate is 1.3 X 10° 


ee second. 
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81,000 


61,000 
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A rain (prior to fracture) increased with 
increased magnesium. The opposite was true of ductility, 
in that as percentage magnesium increased, ductility decreased. 
Fracture occurred in the 15$ and 19$ Mg alloys when true 
strain equaled the work hardening exponent as determined in 
Figure 14. Figure 14 is based on the relationship between 


Patewsisress aid true Strain as described by Dieter [7]. 
Go = Ke (1) 


Where o 1S the true stress, En is the plastic strain and K 
1s a material constant. The exponent n is the strain 
hardening exponent. 

Strain hardening, often called work hardening, is 
Characterized by an increase in stress required to produce 
ol mierease in strain during plastic deformation. As can 
be seen from equation (1), strain hardening is greater as 
the strain hardening exponent (n) increases. At the beginning 
as tic deformation, during a tensile test the cross- 
sectional area of a test specimen decreases, but the load- 
carrving capacity of the specimen increases due to strain 
hardening. Eventually, an elongation is reached where the 
mecene increase in load-carrying capacity due to strain 
hardening becomes less than the incremental decrease in 
Pome Garr yameweapeerity due te decreasing load-bearing area, 
and the specimen cannot withstand further increase in load. 


The maximum load that the specimen can withstand is defined 








o cen ile strength, and the strain at this point 
is defined as true uniform strain [6] [7]. One can observe 
Pee tae larger the strain hardening exponent n, the greater 
ENUMrtesr of stmain hardening. This brings about a 
larger value of true uniform strain and thus a greater 
desree of ductility. 

Mier |, Dased Ome the concept of tensile instability, 
etc ts that true uniform strain equals the strain hardening 
ESponent. it would be expected therefore that Ness' [11] 
material, with observed values of n up to 0.4, should be 
more ductile than these alloys which exhibit values of n 
Santos This, in fact, was the case and can be 
e large ditterence in beta particle size 
between these alloys and Ness' material. 

The results of ambient temperature compression testing 
EN sudes puEuPeousby tested at elevated temperatures are 
Meescenced ın Table IV. Aithough fracture occurred in each 
case at a low strain, there was a marked difference in the 
strength. The data indicates that the highest strength was 
pemmeved from the specimen previously tested at the lowest 
Bemm@erature and fastest strain rate. This result, to be 
Cas cussed, arises from further change in microstruc- 
ture during elevated temperature deformation. Specifically, 
uunc tien and refinement of the beta inter- 
metallic phase occurs, leading to increased strength at 


ambient temperature. 





Peer TED ZTENBERATURE "MECHANICAL PROPERTIES 

Figures 15 and 16 show the effects observed in the 
compression testing of the 15% Mg alloy. The 19% Mg alloy 
exhibited the same basic pattern. These materials exhibit 
a tendency toward strain softening at temperatures over 269?C, 
which is believed to result from microstructural refinement 
during compressive deformation at elevated temperature. 

ln HE mx to determine the degree of superplasticity 
exnibited by these materials at elevated temperature, the 


following equation was used: 


zn 


li 
C) 
0) 


g (2) 
am ees a constant, m ss the strain rate sensitivity 
NGE tits the true stress and € is the strain rate. 
This equation has been proposed by several authors including 
Dieter [7], Alden [3], and Shelby and Burke [13] as describing 
uu ln Ue nc eo strain rate on stress at elevated temperature. 
enes osh 19 graphically illustrate the determina- 
tion of m at various temperatures. The dependence of m 

on temperature is shown in Figure 20 for both 15% and 19% 

Mg alloys. The strain rate sensitivity coefficient (m) 
continually increases with temperature after the material 

MAS For he eutectic temperature. This phenomenon — 
a smooth increase of m with temperature — was also observed 


by Alden [5] in other alloys which exhibit superplasticity. 
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Ew cuUNPEmpenaEeUre the strain rate sensitivity is larger 
gerne 17, 0 alicy than tor the 15% Mg alloy. 

AO cChemmaximum value of m obtained for each 
material versus welght percentage Mg in that material is 
iow it fragure 21- Strain rate sensitivity increases with 
Perea vedeo magnesium, the dashed line in Figure 21 is not 
intended to suggest a linear dependence per se, but rather 
Mc e this data is derived from tests at different 
mempenatures in addition to different microstructures, the 
data indicates only an increase and not necessarily a linear 
relationship. Ayers [14] found that in working with low 
percentage Mg alloys (- 4% Mg), m also appeared to increase 
with percentage magnesium but not to values as large as 
EB ervedshere, Tt 1s surprising in some respects that these 
materials exhibit this trend toward superplastic behavior 
Enn xucoemerestruceture still contains large amounts of 
coarse beta. The beta particle size present after upsetting 
EN 2 1!2rserothan usually observed in superplastic 
deformation. 

The flow stress versus temperature behavior for these 
Ass illustrated in Figures 22 through 24. At tempera- 
ee eO C tO just below the eutectic point, there 
A ent pattern between flow stress, temperature, 
and strain rate. Flow stress decreases with increasing 
compete and increases with increasing strain rate. At 
lower temperatures there appears to be some degree of strain 


aging. This was observed by Ness [11] in an 18% Mg alloy 


o 


A 











and is probably due to the Portevin-Le Chatelier effect [7]. 
The Portevin-Le Chatelier effect is evidenced when serrations 
DIN ene Stress strain curve, and such serrations were 


observed at low temperatures (less than 100°C). 


fe) MECROSTRUCTURAL ANALYSIS 

TE e mens evaluated by microstructural analysis 
were prepared in exactly the same manner. Samples were 
abraded on successively finer sheets of emery paper to 000 
ene n polished py hand on rotating polishing cloth using 
Slurries of alumina and water. Specimens were etched by 
immersion for one minute in 10% H- PO, at a temperature of 
50°C as recommended in reference [15]. All photomicrographs 
I1 "-nunconoehe 54-10. Stereoscan Scanning Electron- Microscope 
(Cambridge Scientific Instruments Limited). 

The as-cast alloys are shown in Figures 8, 9, and 25. 


) appear dark in the 7% 


N 


Intermetallic beta particles (A1.Mg 
NEC andare light areas in the 15$ and 19$ alloys. In 
both the 15% and 19% Mg alloys, the beta phase is chain-like 
and continuous throughout the material. It is evident, 
however, that the amount of beta increases with percentage 
Maenesium. Upsetting the alloys to a true strain of 1.5 
and at a temperature of 410°C tends to break up the chain- 
ales of beta, but the particles are still quite 
afueras shown in Figures 3 and 4. 

Photomicrographs of 19% Mg specimens following compression 


II es von in Figures 10 through 12. The 15% Mg alloy 





Sorrortec the Same tendencies as the 19% Mg alloy (See 
TO toss evident that the additional strain 
induced by the compression test (and the additional time at 
temperature) was instrumental in further breaking up and 
refining the beta particles. It is likely that some of the 
fine beta particles are formed by precipitation from the 
alpha solid solution matrix. Fine beta particles appeared 
within the alpha matrix plus fine beta particles at the 
alpha grain boundaries. Although these fine particles are 
NM resento there 1S still coarse beta spread throughout 
the specimen. It should be noted that the coarse particles 
Dos itus Norisernab beta particles in the as-cast 
alloy. 

Mens TZ OL the Eine particles in the alpha matrix and 
peroratme boundaries 15 dependent on temperature and strain 
moe. comparison of Figures 10 and il (e 75. eonstantseror 
these data.) indicates that compression at a lower temperature 
develops finer beta particles.  Bingay [12] found that tem- 
peratures as low as approximately 200°C may result in still 
lur particles being formed. <A comparison of Figures ll 
and 12 (temperature is constant) shows that a faster strain- 
e O eads to finer particles. The strain rate in 
Figure 11 may not be the optimum but was the fastest employed 
in thgsemnvessssation. 

It was believed that the additions of small amounts of 
additional elements, such as Fe, might assist in refining 


the beta intermetallic phase. This was concluded by Bingay [12] 
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via chemical analysis of materials employed by Ness [11]. 
Kuss masysyszor the recast 19% Mg alloy with 0.3% Fe added 
EN eseates in Figures 27 and 28. The as-cast structure 
shows the beta particles greatly refined and much less con- 
tinuous than the 19% Mg as-cast alloy. Following upsetting 
at 500°C, there was a much finer and more homogeneous dis- 
persion of beta particles than was found in either the 
Ereerz19% alloy or the as-cast .3% Fe alloy. The fineness 
Ene Deta in the as-cast condition is likely due to the 
meme quenen employed during re-casting. However, the 
emereieity Of the beta following upsetting is thought to 
be a function of the chemical composition. Again, however, 
Meese beta particles are present throughout the microstructure. 
lupoprtant data has been presented on the influence of 
Bemomemenese high Me alloys. However, the processing treat- 
Ne Kenplovedshave not resulted in an optimum microstruc- 
m oee alloys. The microstructures presented by 
Ness [11] were superior to those developed in this inves- 
tigation and the ambient temperature properties obtained by 
Ness [11] were also better. It is believed that this is due 
to differences in processing treatments between this research 
EU bat of Ness [11]. The reasons for these differences 
will be discussed next, and current research is attempting 
to isolate those differences between Ness' [11] processing 
nna: Ceuployed in this research to produce the desired 


nawpostructure. 





IV. CONCLUSIONS AND RECOMMENDATIONS 


m CONCLUSIONS 

Bax 5ycectUrvecot this research, as stated previously, 
was to achieve an Al-Mg alloy which had high strength and 
Eu rItyat ambient temperature and was also superplastic 
at elevated temperature. This objective was not fully 
realized; however, many discoveries were made which will 
lead to more complete understanding of the influence of 
thermo-mechanical processing on the microstructure of these 
alloys. 

This investigation has re-emphasized the fact that beta 
particle size must be small in order to obtain a high degree 
B IT at room temperature. Although compressive 
strengths in excess of 80 KSI were achieved for both 15% and 
19% Me allovs, ductility was very low. This was expected 
Since the microstructure contained much coarse beta, and 
also the strain hardening coefficient (n) was relatively 
Memertor both alloys (See Figure 14.). As previously discussed, 
Sama tion (1) predicts that when n is low, ductility will be 
NEN Dieter [7] also predicts that n will increase as grain 
size decreases. The retesting of the specimens shown in 
EUN rhrough 12 revealed an increase in both strength 
EN Lh refinement of particle size in the microstructure. 

The central problem encountered in regard to ambient 


temperature ductility was the failure to break up and refine 





Be wen se beta resulting from casting. It was initially 
believed that working the material at high temperatures 
Enscroxsothermal conditions would be successful. In Ness' [11] 
en, materials were rolled starting at a hish tem- 
perature (T = 400°C); necessarily, the billet temperature 

mid arep, since the billet was in contact with the much 
i oo the rolling mill. In contrast, the processing 
employed entailed forging on preheated platens to maintain 
Mearly constant billet temperature during forging. It was 
Mao lteved that this difference in procedure was 

Na and that the materials being hot and concurrently 
an Kked were what led to the very fine microstructures 

ea Ness 11), 1.6.4, that the coarse beta developed 

in casting was being broken up. It is now evident that this 
Ninot the case. It appears likely that the fine micro- 

te ure produced by Ness was in large part a result of 
working as billet temperature decreased and that most of the 
mecrostructural refinement in his alloys was a result of 
working as beta precipitated from solid solution on cooling. 

EN ddition, the hot working of the material at a lower 
finishing temperature would inhibit grain growth. In fact, 
several sources support the theory of finishing hot working 

at a temperature just above recrystallization temperature 

EN cbtain fine grains [7] [16]. The results obtained 
by the forging method with heated platens were very encouraging 
in that the process was quickly and rapidly accomplished, with 


no siens of cracking, even with the coarse as-cast material. 





|osu experiments. conducted. after the bulk of this 
Merk Was Complete, indicate that a much finer microstructure 
eves Obtained by initially solution treating the material 
at 435°C and subsequently forging at 300°C. It is believed 
that forging at the lower temperature causes refinement of 
Meme ta concarrent with its precipitation from the super- 
Saturated solid solution. 

It appears that increasing additions of Mg increases the 
strain rate sensitivity coefficient (m) and thus would be 
Seed to produce a greater degree of superplasticity 
Mm -cetiagure 21.). However, with the addition of Mg, duc- 
tility at room temperature was decreased, at least for the 
relatively coarse microstructure present. In applications 
Bes trade-Orr Of TOrmability at elevated temperature versus 
ambient temperature ductility must be addressed. 

NIE UUustyon of Fe to the alloy seemed to have some 
Zoo Pen rect ON the as-cast microstructure and to play a 
Mere ilk "ene breaking up of beta during upsetting. However, 
the degree of refinement attainable under more optimal 
conditions remains to be determined. More research must be 
Meme on the effect of additional elements before a definite 
@emelusion can be reached. 

Be high temperatures the strain rate sensitivity of the 
Ni NIN matched or exceeded that found by Ness [11] for an 
DS, ME alloy. Realizing the possibility that both composi- 
Be re Mominal and could be equal, it is a fact that Ness 


achieved a much finer and homogeneous microstructure. This 


CA 
CA 





na Teaga to a Higher value of M and thus to a greater 
Io Supe rplasticity. One can only surmise that once 
superplasticity is achieved, further refinement of the 
peeereles has little or no effect on superplasticity. In 
mete SS somewhat surprising that the strain rate sensi- 
uum = coertticient was as large as it was (0.43). The 
as-forged microstructure is very coarse (approximately 

25 um) in particle size, and most research into this 
phenomenon would suggest a smaller value of the strain rate 
Sensitivity Coefficient for these materials. On the other 
HTTP on of fine particles does occur during 
elevated temperature testing, and it is likely that this 
refinement of the forged microstructure allows the rate 
sensitivity coefficient to reach the values attained. Note 
HE uuhswevero the Marked difference in room temperature 
Mmaracreristics. 

This research plus the work of Ness [11] and Bingay [12] 
have provided a base of information heretofore not known 
about Al-Mg alloys with large amounts of magnesium. This 
knowledge indicates that a thermo-mechanical process can be 
EN Ed that will lead to an alloy characterized by a 
Ihu-mEDuxth-to-weight ratio so badly needed in modern 


Naval applications. 


B. RECOMMENDATIONS 
Mec ommended that this research be continued with 


emphasis on three areas. First, investigate the upset forging 





process While controlling temperature so as to finish at 

a temperature just above recrystallization. Second, inves- 
tigate the difference between working of the coarse beta 
present in the cast alloys and working of beta as it 
precipitates from solid solution. Third, research must be 
accomplished in the area of chemical composition; there is 
a distinct possibility that a small amount of some element 
could be instrumental in grain refinement during mechanical 


working. 
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F1gMpe |. 


As-cast ingots from Kaiser Aluminum and 
Chemical Corporation. These ingots are 
ommal 2.25 inches by 4.5 inches in 


. 


Ao e section, and were initially 
approximately 12 inches in length. 
MEE Mg, b) 15€ Mg, c) 19& Mg. 
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eure 2, specimens prior to upsetting, after 
De ettingssanasartor to compression testing. 


Qi 
SI 





Gure 3. 





SEM photomicrograph of a 15% Mg alloy 
oo mg upsetting. Upsetting conditions 
were: temperature = 410°C, crosshead 
speede= .1 inch per minute, total strain = 
1.5. The chain-like appearance of the 
as-cast beta has been broken up, but 

panei cles tare ee ange, 780X. 
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Figure 4. 





SEM photomicrograph of 19% Mg alloy following 
Mete peana conditions were: 

os nead speed = .1 inch per 
tte. toralestrain = 1.5. Continuity of 
beta is broken, however particles are still 
iaiaten ce peatingenmteWeness, //0%. 


S 





Me 


SS 


MON 
NN 





Baldwin-Tate-Emery 60,000 1b. testing machine 
with heated platen arrangement, used for 
upset forging. 
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Figure 8. As-cast 154 Mg alloy. The light area is 
intermetallic beta phase and is continuous 
throughout the material. Some smaller beta 
patic les are present but most beta is in 
Egemenain—-like structure, 650%. 
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igure 9. SBMEbhotomicrograph of as-cast 1925 Mg alloy. 
Beta phase is cnain-like and continuous 


aloe: creatingua brittle as-cast 
Maia ll 590^. 
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gure 10. .T9£ Mg alloy following EN Leeds art 
269°C and 1.3X10°°/1.3X10-2 sec”! strain rate. 
Refinement of beta has begun with beta now 
present at alpha grain boundaries. Even though 
refinement has begun large particles are still 
evident; there also appears to be some very 
fine beta within the alpha grain. 
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SIT IHI a Toy” arter compression testing at 
IO SAKO sec-!. Fine 
narticles of beta are present within the alpha 
Mia plus fine particles at grain boundar1es. 
ean cles forming within the alpha are 
gj E singer temperature. 
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19% Mg alloy following compression testing at 
Mee = 1.3X%10-4/1.3X10-2 sec-!'. Beta 
particles are in alpha matrix and at grain 
boundaries but are much larger than those 
obtained at same temperature and faster strain 


rate (see Figure 11). 
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Compressive true stress vs. true strain for 

upset forged material at ambient temperature. 
Both 15% and 19% fractured at low strains due 
to presence of large particles of the beta phase. 
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TRUE STRAIN, e 


Beer. Log of true stress vs. log of true strain to 
determine n, work hardening exponent. Test 
temperature was room temperature. 
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Compressive true stress vs. true strain for 
upset material at two strain rates and 
temperatures to 269°C. Strain rates were 
mee edha 1.15 true compressive strain. 
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Compressive true stress vs. true strain curves 
asset materiale-at two strain rates and 
memmeratures to 414°C, Strain rates were 
Mileecased at -15 true compressive strain. 
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Kos true stress vs. log of true strain rate 
mE 79 Mg alloy. The slope of each line 

Semeis the Strain rate sensitivity coefficient (m), 
which increases with temperature. 
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om true stress V5. log of true strain rate 
for 15% Mg alloy. The slope of each line equals 
the strain rate sensitivity coefficient (m), 
which increases with temperature. The maximum 
or Ms 0.389 for this material. 
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Figure 19. Log of true stress vs. log of true strain rate 
for the 192 Mg alloy. The slope of each line 
EN eine strain rate sensitivity coefficient (m) 
which increases with temperature. The maximum 
mero Mis 0.4345 for this material. 
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lin rate sensitivity coefficient (m) vs. 
nomologous temperature for 15% Mg and 19% Mg 
alloys. M increases with temperature and is 
Mas larger for the 19% alloy. Here T_ 1s 
the eutectic temperature (451°C). N 
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Strain rate sensitivity vs. percentage Mg. 

cach point is the maximum M obtained during 
Meeting each alloy. Dotted line indicates an 
increase in M as % Mg is increased due likely 
to increased beta in these alloys as percentage 
Mg increases. 
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Flow stress vs. temperature for 7% Mg alloy at 
several strain rates. Flow stress varies 
directly with strain rate and inversely with 
temperature. The change in slope at 315*C 

BO ponds to crossing solvus for a 7% Mg alloy. 
The strain rates employed are given in Table I. 
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Flow stress vs. temperature for 15% Mg alloy at 
eral strain rates. “Flow stress varies 
directly with strain rate and inversely with 
temperature. The strain rates are given in 
nase Il. 
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E lon stress vs. temperature for 19% Mq alloy at 
several strain rates. Strain rates are given 
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MISS SSEM photomicrograph of an as-cast 7* Mg alloy. 
Small amount of intermetallic beta phase (dark 


at iciies) is indicative of alloys containing 
less than 10% Mg, 1400X. 
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SEM photomicrograpn of a 15% Mg specimen 
following compression pestin est conditions: 


Beet, Se are secs, followed by 
e sec” For.) Sn during compression 
test = .49. Beta has broken up much more than 
daring upsetting. Also, fine beta appears to 
pen forming jn the aloha matrix, mostly along 
grain boundaries. 
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e Recast 19% Mg alloy with addition of 0.3% 
(by weight) Fe. The beta microstructure is 
greatly refined and much less continuous than 
19% Mg as-cast alloy. This is greatly due to 
quenching procedures but also due to addition 


of Fe. 
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AU. Recast 19% Mo alloy with addition of 0.3% Fe 
following upsetting at 300°C. Note the presence 
of finer and more homogeneous dispersion of beta 
particles in comparison to Figure 25. 
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